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Abstract 8 
The reduction reaction of copper oxide with CH4 is highly exothermic and can be 9 
arranged to generate sufficient heat to in-situ calcine calcium carbonate and produce a 10 
highly concentrated stream of CO2. This concept is tested at TRL4 in a packed-bed 11 
reactor operated close to adiabatic conditions. The impact of the initial solids 12 
temperature and the inlet flowrate of the gases is evaluated. A 50/50 (vol.%) mixture of 13 
methane and hydrogen (i.e., a possible composition of the PSA-off gas generated in a 14 
reforming process) has also been used as reducing gas. The presence of H2 reduces the 15 
CuO/CaCO3 proportion required in the bed and promotes the calcination at temperatures 16 
lower than 870 ºC. The experimental measurements are well predicted by a one-17 
dimensional fixed-bed reactor model, in which the steam methane reforming, water-gas-18 
shift, carbon deposition and carbon gasification reactions are also considered. Different 19 
characterization techniques (i.e., SEM, XRD, N2 adsorption, TPR) demonstrate that 20 
both commercial CuO- and CaO-based materials show good stability after successive 21 
cyclic experiments.  22 
Keywords: CO2 capture; chemical looping; calcium looping; H2 production, CaCO3 23 
calcination; CuO reduction 24 
1. Introduction 25 
There is a growing concern about the need to cut down the emissions of CO2 from 26 
industrial and power generation sectors with the purpose of reducing the effects of 27 
climate change (IPCC, 2014). CO2 capture and storage should play a crucial role in a 28 
severe diminution of the emissions of carbon dioxide far beyond the limit nowadays 29 
achieved in the industries powered by fossil fuels, and thus achieve the objectives 30 
recently established at COP22 held in Marrakech (i.e., 50% reduction of CO2 emissions 31 
by 2050 and 100% by 2100) with the aim of keeping the rise in global mean 32 
temperature below 1.5 ºC (IEA, 2017). The deployment of highly-efficient pre-33 
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combustion systems for the capture of CO2 is a sustainable alternative to produce H2 34 
with a low carbon footprint (Boot-Handford et al., 2014). About 95% of hydrogen is 35 
nowadays produced from fossil sources while emitting roughly 0.5 Gt of CO2 pear year 36 
(Voldsun et al., 2016). Moreover, the global demand for H2 will increase in the coming 37 
decades because of the rise in the ammonia and methanol production, the growing use 38 
of hydrogen in refineries, steel and chemical plants and also to the role of H2 as a 39 
sustainable fuel in recent applications (such as fuel cells, novel gas turbines, etc) (IEA, 40 
2015). Steam Methane Reforming (SMR) combined with water-gas-shift (WGS) units is 41 
still the dominant method to produce hydrogen at a large scale (i.e., almost 50% of total 42 
H2 production) (IEA, 2015). However, the energy-intensive steam methane reforming 43 
requires for a large amount of additional energy to accomplish the endothermic 44 
conversion of methane into H2, thereby producing a significantly high amount of CO2 45 
(about 7 kg CO2/kg H2) (Rostrup Nielsen, 2009). 46 
The Sorption Enhanced Reforming (SER) is an intensified technology that combines 47 
SMR with the rapid separation of CO2 by using a sorbent material (typically a CaO-48 
based solid) (Hufton et al., 1999). The simultaneous removal of CO2 from the gaseous 49 
phase promotes the production of H2 according to the Le Chatelier’s principle 50 
(Harrison, 2008). Therefore, virtually pure H2 (i.e. between 90 and 96 vol.% H2, dry 51 
basis) is produced in a single reaction step operated at temperatures between 650 and 52 
700 ºC, in contrast to the typical temperature range of 900-1000 ºC for conventional 53 
SMR (Antzara et al., 2016). Moreover, the exothermic carbonation of CaO compensates 54 
for the endothermic SMR enthalpy, thereby avoiding the addition of more energy to the 55 
process (Diglio et al., 2018). 56 
The principal issue that hinders the scaling-up of the SER technology is the need to 57 
decrease the energy penalty due to the sorbent calcination stage, which requires 58 
temperatures of around 900 ºC under CO2-rich atmospheres (Baker, 1962). Of the 59 
different process schemes that have so far been proposed for reducing the energy 60 
penalty, only the oxy-fuel combustion (Shimizu et al., 1999) has been validated at a 61 
large pilot-plant scale in post-combustion applications up to TRL6-7 (Arias et al. 2013; 62 
Strohle et al., 2014). The chemical looping combustion (CLC) technology has been also 63 
considered for the calcination of calcium carbonate in an attempt to avoid the energy 64 
consuming and costly Air Separation Unit needed for oxy-combustion processes (Lyon 65 
and Cole, 2000). In a CLC system, a metal oxide, generally referred as to oxygen carrier 66 
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(OC), is subjected to a redox cycling (Ishida and Jin, 1994). The lattice O2 reacts with 67 
the fuel producing virtually pure CO2 (after the removal of H2O), suitable for transport, 68 
storage or for other industrial purposes (Adanez et al., 2012). Once the oxygen carrier is 69 
reduced, it is subsequently oxidized in a second stage by reacting with air. In the CLC 70 
concept, the CO2 is obtained separately since the combustion gases are obtained 71 
avoiding their dilution with N2 (Lyngfelt, 2018). Different CLC configurations using 72 
fluidized beds have been envisaged to provide the heat required for the regeneration of 73 
the calcium-based sorbent by placing the carbonated particles in contact with oxygen 74 
carriers that have been previously heated up to temperatures above 1000 ºC in an 75 
oxidation reactor (Wolf and Yan, 2005; Fernández and Abanades, 2016; Fernández and 76 
Abanades, 2017a). General Electric initially proposed the idea of carrying out both the 77 
oxidation of the reduced O2 carrier and the CaCO3 calcination in one step, which should 78 
increase the energy efficiency (Lyon and Cole, 2000). However, this is not a CO2 79 
capture process since the oxidation is carried out with air, and consequently, the carbon 80 
dioxide is emitted highly diluted with nitrogen. 81 
In the calcium-copper looping process, the necessary heat to calcine CaCO3 is supplied 82 
by the reduction of copper oxide with a fuel gas (Abanades et al., 2010). With this 83 
chemical loop process it is possible to obtain separate streams of virtually pure H2, N2 84 
and CO2, as can be seen in Fig. 1. The calcium-copper looping process follows a 85 
sequence of 3 reaction steps (Fernández et al., 2012a). A H2-rich gas is first obtained 86 
through the SER of CH4, where the reactor contains a reforming catalyst, a Cu-based 87 
material that acts as inert in this stage, and a CaO-based sorbent, which is carbonated 88 
(Fernández et al., 2012b). The Cu-based solid is subsequently oxidized with diluted air 89 
to moderate the maximum bed temperature and avoid the partial calcinacion of CaCO3 90 
(Fernández et al., 2014). In the third stage, the calcium carbonate formed during the 91 
SER is calcined thanks to the heat supplied by the reduction of the CuO-based solid 92 
with a gaseous fuel (mainly methane or the PSA-off gas obtained from the SER stage). 93 
An appropriate proportion of copper oxide and calcium carbonate ensures that the heat 94 
generated during the CuO reduction is sufficient to decompose completely the calcium 95 
carbonate without extra supply of energy (Alarcón and Fernández, 2015). In contrast to 96 
the previous stages that are favoured at high pressures, the reduction/calcination stage 97 
must be accomplished at atmospheric pressure to make possible the calcination reaction 98 
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between 850 ºC and 910 ºC, so as to decrease the demand of energy and minimize the 99 
sintering of the solids. 100 
The calcium-copper looping process has been mainly envisaged to be performed in 101 
configurations of several packed-bed reactors operating in parallel (Fernández et al., 102 
2012a). In these systems, the solids remain steady and the inlet gas is repeatedly 103 
switched between SER, oxidizing and reducing conditions. Fixed-bed reactors do not 104 
require solids filtering systems located downstream, since the formation of fines by 105 
attrition is avoided, and they allow the operation to take place at a high pressure, which 106 
results in a more compact design. Moreover, H2 and N2 can be produced at a suitable 107 
pressure to facilitate their subsequent use in industrial applications and/or power 108 
generation (Martínez et al., 2013; Martínez et al., 2014; Martini et al., 2017a; Fernández 109 
et al., 2017; Martínez et al., 2017). 110 
An important progress has been carried out over the last years in the deployment of the 111 
calcium-copper looping process (Fernández and Abanades, 2017b). Various reactor 112 
models based on those developed for packed-bed chemical looping systems (Han et al., 113 
2013; Hamers et al., 2014; Fernández and Abanades, 2014; Spallina et al., 2015), were 114 
reported to represent the dynamic performance of every stage of the process (Fernández 115 
et al., 2012b; Fernández and Abanades 2014; Alarcón and Fernández, 2015; Qin et al., 116 
2016) and to devise operation strategies aimed at reducing the number of reactors, 117 
increasing the amount of CO2 captured and avoiding undesirable side reactions (Martini 118 
et al., 2016; Fernández and Abanades, 2017c; Martini et al., 2017b). Furthermore, a 119 
large number of works about novel synthetic solids suitable for Ca-Cu applications have 120 
been reported. Synthetic calcium-based sorbents (Martavaltzi et al., 2011; Valverde et 121 
al., 2012; Broda et al, 2013; Zhenissova et al., 2014), hybrid reforming catalyst-CaO 122 
materials (Martavaltzi and Lemonidou, 2010; García-Lario et al., 2015; Aloisi et al., 123 
2017) and CaO-CuO composites (Manovic and Anthony, 2011; Kierzkowska and 124 
Müller, 2012; Rahman et al., 2015; Kazi et al., 2017) have shown a good reactivity and 125 
stable performance after multiple cycles. The feasibility of the reaction steps described 126 
in Fig. 1 has been experimentally confirmed in packed-bed reactors at laboratory scale 127 
during the recent FP7 project, ASCENT. The operational limits of a reforming catalyst 128 
mixed with a CaO-based solid after several SER and redox cycles were evaluated 129 
(Grasa et al., 2017). Alarcón et al. (2017) experimentally demonstrated that the dilution 130 
of air with recycled N2 moderates the temperature reached during the copper oxidation, 131 
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so that the calcinacion of calcium carbonate is partially avoided. Moreover, the 132 
calcination of calcium carbonate by the in situ reduction of CuO has been successfully 133 
demonstrated with mixtures of hydrogen and carbon monoxide (Fernández et al., 2016; 134 
Alarcón et al., 2017).  135 
In the present work, the key reaction stage of the calcium-copper looping process, i.e., 136 
the simultaneous CuO reduction/CaCO3 calcination, is demonstrated using methane as 137 
reducing gas in a pilot fixed-bed reactor at TRL4. Different ranges of operating 138 
variables including the initial temperature of the bed and the inlet flow rate are 139 
investigated. The morphology of the copper- and calcium-based solids has been studied 140 
by using different characterization techniques. A dynamic reactor model has been 141 
developed to represent the evolution of the composition of the product gas and of the 142 
bed temperature during the experiments. 143 
2. Material and methods 144 
2.1. Experimental setup 145 
The core of the experimental setup consisted of a tubular reactor made of Inconel (L=1 146 
m, ID=0.038 m). Johnson Matthey and Carmeuse supplied the functional solids for the 147 
experimental campaign. A homogeneous mixture of about 1060 g, composed of a CuO-148 
based material (65 wt.% CuO/SiO2) and a calcium-based material (98 wt.% calcium 149 
oxide), was loaded in the reactor. The materials were first crushed and subsequently 150 
sieved to achieve an average size of around 0.003 m. The axial temperature profiles 151 
were measured in 15 points by K-type thermocouples. The metallic tube was insulated 152 
with a 0.15 m wide layer of quartz wool to minimize the loss of heat. A 14 kW ceramic 153 
furnace surrounded both the fixed bed and the cover of quartz wool in order to preheat 154 
the solids and compensate the heat loss during the reaction tests. The amount of heat 155 
supplied by the furnace was controlled by an additional thermocouple located half-way 156 
along the reactor-oven system. The gaseous feed was preheated by means of two 157 
heating-tapes each with a capacity of 800 W. Bronkhorst mass-flow controllers were 158 
used to regulate the gas flow rates and compositions of the feed. A tubular bed loaded 159 
with SiO2 was located downstream of the reactor to remove the steam produced during 160 
the tests. Finally, the dry composition of the product gas was registered online with a 161 
SICK GMS810 analyser equipped with IR and thermal conductivity detectors. The tests 162 
were performed at atmospheric pressure. A scheme of the experimental setup is 163 
presented in Fig. 2. 164 
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The morphology of the materials was examined by scanning electron microscopy 165 
combined with energy-dispersive X-Ray analysis (SEM-EDX), by using a Quanta FEG 166 
650 microscope equipped with an Ametek-EDAX analyser. The main crystalline 167 
features that appear in both the CaO- and CuO-based materials after multiple oxidation-168 
carbonation-reduction/calcination tests were obtained by X-ray diffraction (XRD) on a 169 
powder diffractometer (Siemens D500/501 ) connected to a copper Kα monochromatic 170 
X-ray detector (2θ from 20º to 70º, step size=0.02º, scan time/step=1 s). The BET 171 
surface areas and pore volume distributions (BJH) have been calculated from N2 172 
adsorption measurements carried out at -196ºC in a Micromeritics ASAP-2460 173 
apparatus. The reducibility and the reversibility of the CuO-based material after the 174 
multicycle operation were evaluated by temperature programmed reduction (TPR) 175 
measurements. The samples were placed in an AutoChemII Micromeritics apparatus 176 
and exposed to a 10 vol% H2/Ar gas that was linearly heated at 10 ºC/min from 40 to 177 
900 ºC. 178 
2.2. Fixed-bed reactor model 179 
The evolution of the composition of the outlet gas as well as the temperature profiles 180 
inside the reactor has been represented using a 1-D reactor model. A multicomponent 181 
system (composed of CH4, CO2, CO, H2, CuO, Cu, CaCO3, CaO, C and inert) has been 182 
modelled assuming axially dispersed plug flow, negligible inter-particle mass and 183 
temperature profiles, uniform void fraction in the solids bed (ε = 0.5) and the perfect 184 
distribution of the calcium- and copper-based solids along the bed. The variations of the 185 
physical properties with changes in composition and temperature have been considered 186 
in the model. Any gas-to-solid heat and mass transfer resistances, as well as radial 187 
temperature and concentration profiles are assumed to be negligible, since the system 188 
has been operated at relatively high flowrates (between 2 and 4 Nl/min) and a small 189 
packing size (dp=0.003 m). Possible intra-particle diffusion resistances are assumed by 190 
including average effectiveness factors (η) in the kinetics. The reactor model also 191 
considers the heat-transfer between the fixed bed and the environment by means of an 192 
overall heat-transfer coefficient (U) included in the energy balance, which has been 193 
experimentally calculated. The description of the implementation of the reactor model 194 
in Matlab is detailed in previous works (Fernández et al., 2012c; Fernández et al., 195 
2013). Table 1 presents an overview of the mass, energy, momentum balances as well 196 




The reaction rate of CuO reduction with methane, hydrogen and carbon monoxide is 199 
described with a shrinking core model (SCM) limited by the chemical reaction. The 200 
SCM is also used for the calcination of CaCO3, as in some previous works on modelling 201 
of CLC and calcium looping systems (García-Labiano et al., 2004; Martínez et al., 202 
2012). 203 
The copper-based solid may partially catalyze both the steam methane reforming and 204 
the water-gas-shift (WGS) reactions (Alarcón et al., 2017) (steam is present due to the 205 
oxidation of methane). The kinetics obtained by Xu and Froment (1989) have been 206 
assumed to describe these catalytic reactions. The presence of CaO in the bed should 207 
minimize the formation of carbon due to methane decomposition (Harrison, 2008). 208 
However, particles of previously reduced oxygen carrier may catalyze this reaction to 209 
some degree. For this reason, the kinetic correlation calculated for a Ni-Cu/MgO 210 
catalyst by Borghei et al. (2010) has been incorporated in the model. Moreover, carbon 211 
gasification may occur due to the presence of CO2 and steam (Zhou et al., 2013). The 212 
kinetics proposed by Snoeck et al. (2002) for both gasification reactions have also been 213 
assumed. The kinetic equations used in this work are listed in Table 2. 214 
 215 
3. Results and discussion 216 
The fixed-bed reactor initially showed significant differences in temperature profile at 217 
temperatures higher than 500 ºC due to the large heat lost especially at the bottom of the 218 
bed (Fernández et al., 2016). Several modifications were carried to improve the 219 
insulation of the reactor, which mainly consisted of increasing the thickness of the 220 
quartz wool coating (from 8 to 15 mm) surrounding the metallic tube. Afterwards, 221 
several heat-transfer tests were carried out to calculate the overall heat-transfer 222 
coefficient (U) of the new arrangement. About 40 Nl/min of nitrogen was fed into the 223 
fixed bed that contained about 1 kg of Al2O3 (particle diameter of 0.003 m). First, the 224 
solids bed was heated up from ambient temperature to 470 ºC by means of preheated 225 
gas. In another experiment, the solids initially at 500 ºC were cooled by feeding in 226 
nitrogen at 300 ºC. The pseudo-homogeneous model described above (in which the 227 
terms related to the chemical reactions are omitted) was used to fit the experimental 228 
temperature profiles and a value of 2.5 W/m
2
K was estimated for U. These results 229 
demonstrate that the experimental setup operates near adiabatic conditions. The results 230 
obtained during the heating experiment are represented in Fig. 3. 231 
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During the experimental tests, about 25 cycles were carried out in the fixed-bed reactor 232 
following a sequence of reduction/calcination, oxidation and carbonation stages. 233 
Different characterization techniques were used to evaluate the stability of these 234 
materials. As can be seen in Fig. 4, the sample of fresh CaO-based material (i.e., before 235 
the cyclic experiments) exhibits large grains and low porosity. After the cyclic tests, the 236 
solid maintains its morphological structure, although it starts to show some sintering 237 
(Fig. 4b). The copper-based sample initially shows a highly porous structure with large 238 
CuO-rich grains (Fig. 4c). There are not perceptible signs of sintering in the copper-239 
based material after the cycles (Fig. 4d). SEM-EDX analyses reveal the presence of Cu 240 
in certain zones of the cycled CaO-based sample (e.g. site B in Fig. 4b). The results are 241 
presented in Table 3. 242 
XRD analyses were made to study the crystallinity of the functional Ca-Cu solids and to 243 
detect possible variations in the chemical composition of these materials after 25 cycles. 244 
As shown in Fig. 5, small quantities of combined Ca-Cu oxides formed in both the Ca- 245 
and Cu-based solids after the experiments. These combined oxides may have formed 246 
due to the high operating temperatures achieved during the reduction/calcination tests. 247 
However, no Cu2O was found in the aged CuO-based material (Fig. 5b), which 248 
demonstrates the absence of O2 uncoupling during the reduction/calcination operation 249 
even at temperatures above 900 ºC. The formation of hybrid Ca-Cu compounds may 250 
have slightly affected the O2 transport capacity of the OC and the CO2 sorption capacity 251 
of the calcium-based sorbent, as reported in previous works (Kierzkowska and Müller, 252 
2012; Alarcón et al., 2017), although confirmation of this is outside the scope of this 253 
study.  254 
Both BET pore surface area and the BJH pore volume distribution of the fresh materials 255 
are represented in Fig. 6. The BET surface area (157 m
2
/g) and the pore volume (0.28 256 
cm
3
/g) are higher than the typical values obtained for CuO-rich oxygen carriers (Imtiaz 257 
et al., 2012; García-Lario et al., 2013). The pore size distribution presents two peaks at 258 
1 and 4 nm. The calcium-based solid shows a significantly lower BET surface area (i.e., 259 
11 m
2
/g), although this value corresponds to that obtained for other CaO-based solids 260 
(Kierzkowska and Müller, 2012). The pore volume is also significantly lower than that 261 
of the copper-based sample (i. e. 0.025 cm
3
/g). The pore size distribution of the fresh 262 
CO2 sorbent shows a pronounced peak at 9 nm. Minor variations are detected in the 263 
textural characteristics of the cycled oxygen carrier. The BET surface area and the BJH 264 
pore volume slightly decrease to 135 m
2
/g and 0.21 cm
3
/g, respectively, and their pore 265 
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diameter distributions are very similar. In the case of the used calcium-based solid, its 266 
textural properties remain virtually unaltered (i.e, the BET surface area is about 9 m
2
/g 267 
and the BJH pore volume 0.01 cm
3
/g, without any change in the pore size distribution).  268 
Temperature-programmed reduction (TPR) tests confirm the high stability of the O2 269 
carrier after successive cycles. As can be seen in Fig. 7, a solitary peak between 180 and 270 
280 ºC is obtained for two samples of fresh and aged CuO-based material, which 271 
corresponds to the consumption of hydrogen during the reduction of CuO. The area 272 
under the curve for both samples is very similar, which indicates that the amount of 273 
active CuO in the solid remains stable after the experimental campaign performed in the 274 
fixed-bed reactor. About 0.47-0.49 mmol H2 were consumed in these analyses, which 275 
approximately correspond to a total reduction of the CuO present in the samples.  276 
For the reduction/calcination experiments, the fixed-bed reactor was initially heated in 277 
air up to 600 ºC. Then, a stream of pure CO2 (5 Nl/min) preheated to 600 ºC was fed 278 
into the solids bed for 30 min to partially carbonate the CaO-based particles in order to 279 
ensure an appropriate proportion of CuO and CaCO3 in the reactor. After the 280 
carbonation step, the CaCO3 content in the fixed bed should be about 10 wt.% (together 281 
with 27 wt.% of CuO), according to previous studies carried out in TGA with this 282 
material (Alarcón et al., 2017). The rest of the bed corresponds to silica (which is the 283 
inert binder of the copper-based solid) and inert CaO. At these conditions, the copper 284 
oxide/carbonate molar ratio present in the bed is around 3.2, which should be enough to 285 
accomplish the reduction/calcination operation with methane without additional energy 286 
supply (Alarcón and Fernández, 2015) (i.e., the ceramic oven is only necessary to 287 
compensate for the heat loss in the experimental setup). As the calcium particles were 288 
progressively carbonated, the reactor was also heated up to reach a bed temperature 289 
between 610 ºC at the bottom and approximately 800 ºC at the upper part of the reactor 290 
(for a pre-set temperature in the oven of about 780 ºC).  291 
To reduce the CuO, a flowrate of 3 Nl/min of methane at 620 °C was fed into the 292 
reactor. The experimental measurements of the temperature profiles and the gas 293 
compositions as well as the predictions with the reactor model are presented in Fig. 8. 294 
As the reduction of the CuO particles with CH4 progresses, the temperature of the 295 
reactor increases. However, the increase in temperature observed in the first part of the 296 
reactor is significantly lower than that measured in a previous work where the tests were 297 
accomplished with the same material using H2 and CO as reducing gases (Alarcón et al., 298 
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2017). This demonstrates that the reactivity of methane with copper oxide is modest at 299 
temperatures below 750 ºC. During the first 3 minutes, the maximum temperature is 300 
lower than 840 °C, which impedes the calcination of the calcium carbonate. As a result, 301 
during this period of time, the carbon dioxide measured at the reactor exit corresponds 302 
entirely to the oxidation of methane.  303 
The heat exchanged between the inlet gas and the converted solids generates a heat front 304 
which advances along the bed together with the reduction front. The relative positions 305 
of both fronts mainly depend on the composition of the reacting gas and the amount of 306 
active component in the oxygen carrier (Noorman et al., 2007). Since the content of 307 
CH4 in the feed is high and there is a low percentage of active CuO in this particular 308 
solids mixture, the reduction reaction front is moving ahead of the heat transfer front. 309 
As a result, the solids bed already traversed by the reduction front is left at a high 310 
temperature, so that the CH4 reaches the reduction front already preheated. After 45 311 
minutes, the bed achieves a maximum temperature of around 900 ºC, leading to a fast 312 
calcination of CaCO3 and increasing concentrations of CO2 at the reactor exit of up to 313 
93 vol. %, on a dry basis. As shown in Fig. 8b, the reactor model gives an accurate 314 
description of the evolution of the temperature profiles in the vast majority of the bed. 315 
The maximum temperatures achieved at any time are reasonably well predicted, which 316 
indicates that both Ca- and Cu-based solids are uniformly distributed along the bed. Hot 317 
spots would have been detected in those parts of the reactor with excessive amount of 318 
CuO. Only at the end of the bed a significant difference can be discerned ,which is 319 
probably caused by heat losses in that region. This phenomenon has been 320 
underestimated by the reactor model (there is an overall heat-transfer coefficient 321 
calculated by the entire solid bed), giving rise to higher theoretical temperatures 322 
compared to those obtained experimentally. 323 
In the period of time between t=2 min and t=5 min, the methane achieves almost total 324 
conversion (pre-breakthrough), but from that moment on, the methane concentration in 325 
the product gas gradually increases during a long breakthrough period, which is 326 
extended up to 26 min, as a consequence of the low reactivity of CuO with CH4. 327 
Moreover, an increasing amount of CO is measured during the breakthrough period. 328 
The high temperature, the presence of H2O(v) from the oxidation of CH4 and the high 329 
concentration of CO2 favour the steam methane reforming and then the reverse water-330 
gas-shift reaction, both of which are catalysed by the reduced copper-based solids. As 331 
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explained in section 2.2., a certain degree of carbon deposition may appear where the 332 
copper-based particles have already been reduced. The presence of CO2 and steam may 333 
promote the gasification of the deposits of C, thereby contributing to the formation of 334 
CO during the pre-breakthrough period. When the oxygen carrier approaches total 335 
reduction, the temperature profile decreases progressively and the concentration of CO 336 
at the reactor exit increases until a nearly constant value of 8 vol.% is achieved.  337 
Once the dynamic model has been validated, it is possible to estimate theoretically the 338 
evolution of the solids conversion throughout the reactor. As shown in Fig. 8c, the 339 
reduction of CuO with CH4 does not take place in a sharp reaction front, especially 340 
during the first minutes of the operation, where the temperatures in the bed are 341 
relatively low. The calcination of CaCO3 is then hindered, and as a result, the reduction 342 
front moves forward faster than the calcination zone (in contrast to the 343 
reduction/calcination tests performed with H2 or mixtures of H2/CO, in which both 344 
fronts move forward together (Alarcón et al., 2017). After 2 minutes of operation, about 345 
40% of maximum CuO conversion has been achieved in the first third of the bed and 346 
the amount of CaCO3 calcined is negligible. However, from t=5 min onwards, when the 347 
solids bed achieves a maximum temperature of around 900 ºC, the calcination is 348 
favoured and a considerable fraction of the carbonated solids in this region of the 349 
reactor is completely calcined. After 10 minutes of operation, the CuO-based solids are 350 
approaching total conversion, whereas the carbonated particles located in the second 351 
part of the bed achieve conversions of between 55% and 60%. From the theoretical 352 
evolution of the calcination profiles (X_CaCO3), it was possible to estimate the flow of 353 
CO2 that corresponds exclusively to the calcination of the sorbent (represented in Fig. 354 
8a as “CO2 from calci”). In view of these results, about 1.3 moles of methane (which 355 
corresponds to 3 Nl/min fed into the reactor for 10 min) were necessary to decompose 356 
about 0.53 moles of calcium carbonate (for the conditions of this test). 357 
After the reduction/calcination operation, diluted air was used to carry out the oxidation 358 
of the oxygen carrier at temperatures lower than 850ºC. Afterwards, pure CO2 was 359 
introduced to re-carbonate the calcium-based particles following the procedure 360 
explained above, leaving the bed ready to initiate a new cycle.  361 
Additional experiments were performed to evaluate the influence of the initial bed 362 
temperature on the CuO reduction/CaCO3 calcination operation. These experiments 363 
were initiated with average bed temperatures of between 700 ºC and 800 ºC, 364 
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maintaining the rest of the conditions of the reference case explained above. As can be 365 
seen in Fig. 9, the bed temperature at the beginning of the experiment has a decisive 366 
effect on the concentration and temperature profiles. When the reduction/calcination is 367 
initiated with a temperature in the reactor of about 700 ºC, the increase in temperature 368 
along the bed is modest because the reduction of copper oxide with CH4 is hampered. 369 
The maximum temperature achieved does not exceed 820 ºC after 5 min of operation. 370 
From that moment onwards, the bed temperature progressively decreases up to reach 371 
temperatures between 700 and 800 ºC for t=10 min. Therefore most of the CaCO3 is left 372 
uncalcined. In these conditions, almost all the CO2 must come from the oxidation of 373 
CH4. From the very beginning, the conversion of the gas is low and concentrations of 374 
methane at the reactor exit above 20 vol.% are observed. After 3 minutes, the methane 375 
content gradually increases reaching a value of about 80% (t=18 minutes). The low 376 
temperature also impedes both steam methane reforming and reverse WGS reactions, 377 
resulting in concentrations of CO and H2 below 1 vol.% during the breakthrough. 378 
The temperature and product gas composition change significantly when the experiment 379 
starts with higher temperatures in the bed. The reduction of copper oxide with CH4 is 380 
promoted and a larger increase in temperature is then obtained  (ΔT≈100 ºC in the upper 381 
part of the reactor). When the reduction/calcination starts with a bed temperature of 382 
about 800 ºC (on average), the fuel gas is almost completely converted during the first 4 383 
minutes (i.e., <3 vol.% of CH4 measured at the reactor exit) and virtually pure CO2 (dry 384 
basis) predominates during the pre-breakthrough. Temperature profiles above 900 ºC in 385 
the second half of the bed are obtained in these conditions, which should facilitate the 386 
decomposition of CaCO3 in the upper part of the reactor. A maximum temperature of 387 
about 930 ºC is achieved after 5 min of operation. From then on, the temperature 388 
declines because the CuO particles approach total reduction and bed temperatures of 389 
between 860 and 905 ºC are measured in the second part of the reactor for t=10 min. 390 
During the breakthrough period, the concentration of CH4 progressively increases due 391 
to the fact that the copper-based particles are close to total reduction. Meanwhile, the 392 
contents of carbon monoxide and hydrogen in the product gas also increase because the 393 
higher temperatures registered during this period promote the steam methane reforming, 394 
WGS and carbon gasification reactions (during the pre-breakthrough carbon monoxide 395 
and hydrogen not observed in the product gas because they react with CuO as soon as 396 
they are produced). As shown in Fig. 9, the reactor model describes reasonably well the 397 
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experimental measurements, especially those obtained in the experiments performed at 398 
higher temperatures. 399 
Following the evolution of the solids conversion (not shown here for the sake of 400 
simplicity), it can be observed that both the reduction and calcination fronts advance 401 
closer when the test is carried out with an average starting temperature in the reactor of 402 
about 800 ºC. After 10 minutes of experiment (i.e., when the CuO particles have been 403 
totally reduced), about 60% of the CaCO3 has been calcined (reaching maximum 404 
carbonate conversions of about 70-75% in the second part of the bed). This means that 405 
about 1.3 moles of methane (which corresponds to 3 Nl/min fed into the reactor for 10 406 
min) were necessary to decompose around 0.64 moles of calcium carbonate. In view of 407 
these results, the operation at higher temperature increased 20% the amount of CaCO3 408 
calcined. 409 
The influence of the inlet flowrate on the solids bed temperature and on the composition 410 
of the product gas was also analysed (starting with a bed temperature of around 760 ºC, 411 
on average). Streams of pure methane from 2 Nl/min to 4 Nl/min were fed into the 412 
fixed-bed reactor. As shown in Fig. 10, low flow rates of methane allowed a sufficient 413 
residence time of the CH4 inside the bed to be almost completely converted to CO2 and 414 
steam during the first few minutes of operation. The heat released from the CuO 415 
reduction led to a further increase in the temperature until it reached maximum values of 416 
895 ºC and 905 ºC after 10 minutes of operation for 2 and 3 Nl/min, respectively. With 417 
4 Nl/min, the residence time of the gas was insufficient to achieve total conversion of 418 
CH4 for the conditions of the experiment. The higher inlet flow of methane accelerated 419 
the advance of the reduction front and a maximum temperature of 875 ºC was already 420 
achieved for t=5 min. From that moment onwards, the bed was progressively cooled 421 
down to temperatures below 850 ºC after 10 minutes of operation. During the pre-422 
breakthrough period, more than 10 vol.% of CH4 was obtained and a smaller 423 
concentration of CO2 was measured, as a result of the lower degree of CH4 oxidation 424 
and CaCO3 calcination achieved. 425 
Finally, 2 Nl/min made up of 50 vol% of CH4 and 50 vol% of H2 and preheated at 620 426 
ºC was fed into the bed to accomplish the reduction/calcination operation. This 427 
composition may correspond to a typical PSA off-gas from a purifying stage of the H2-428 
rich product of a SER process (Martínez et al., 2014). Taking into account the 429 
composition of the fuel gas, a copper/calcium molar ratio of 2.5 is needed in the reactor 430 
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to allow for an operation under thermally neutral conditions. First, a carbonation stage 431 
with pure CO2 was carried out for 1 hour to increase the amount of CaCO3 in the bed. 432 
This is the period of time estimated to achieve the degree of carbonation in the CO2-433 
sorbent on the basis of previous TGA experiments (Alarcón et al., 2017). Before the 434 
reduction/calcination test, the reactor was heated until it reached a temperature close to 435 
that of the first experiment (Fig. 8) carried out with CH4 (i.e., with an average 436 
temperature in the solids of around 760 ºC).  437 
As shown in Fig. 11, the presence of H2 in the feed prolongs the time required to 438 
achieve the total reduction of the bed to around 20 minutes (1 mole of CH4 reduces 4 439 
moles of CuO, whereas the reduction of CuO with H2 is an equimolar reaction). The 440 
great reactivity of CuO with hydrogen facilitates a fast increase in bed temperature to a 441 
maximum of 830 ºC in the first 5 minutes of the test. The hydrogen is oxidized to H2O(v) 442 
inside the bed, which considerably reduces the partial pressure of CO2. As a result, a 443 
relatively fast CaCO3 calcination is feasible from t=10 min onwards, which is the period 444 
of time with temperatures in the reactor between 850 ºC and 890 ºC. During part of the 445 
pre-breakthrough period, the fuel gases are totally converted and almost pure CO2 is 446 
obtained (i.e., about 98 vol.% CO2, dry basis). Although the reactor model describes 447 
reasonably well the experimental temperature during most of the reduction/calcination 448 
operation, higher temperatures are predicted at the end of the bed when the CuO-based 449 
particles are close to be totally reduced (i.e., during the breakthrough and post-450 
breakthrough periods). The reactor model seems to underestimate the heat loss in that 451 
region when the Cu reduction does not supply heat to the bed anymore. In view of the 452 
evolution of the solids conversion profiles (not shown in Fig. 11 for the sake of 453 
simplicity), about 1.8 moles of reducing gas (50/50 of CH4 and H2) were necessary to 454 
decompose about 0.77 moles of CaCO3. These results indicate that the use of 50% of H2 455 
instead of CH4 increased about 45% the amount of CaCO3 calcined. Once the CuO-456 
based particles are totally reduced, the fixed bed behaves like a catalytic reactor, where 457 
the main reactions are steam methane reforming and WGS favoured by the high 458 
temperatures still present in the bed. As a result, a gas containing about 42 vol.% CH4, 459 
35 vol.% H2 and 13 vol.% CO is obtained.  460 
As explained above, the Ca-Cu materials used in this work have been subjected to about 461 
25 cycles during the experimental tests. Different characterization techniques showed 462 
that the chemical composition and textural properties of both solids remain virtually 463 
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unaltered after multicycle operation (see Figs. 4-7). Most of the series of experiments 464 
carried out in the fixed-bed reactor were repeated in order to confirm the stability of the 465 
materials in the long term. Fig. 12 show the outlet gas composition and the axial 466 
temperature profiles obtained during the cycle 1 and cycle 20 carried out with CH4 in 467 
the feed (3 Nl/min) and 760 ºC of average starting temperature. As can be seen, both gas 468 
composition and temperature profiles are very similar, which demonstrates the high 469 
stability of both CaO- and CuO-based materials. In both cases, the solids bed achieves a 470 
maximum temperature above 900 ºC after 10 minutes of operation. During the pre-471 
breakthrough (t<5 min), the methane is almost totally converted and only 4-5 vol.% 472 
CH4 is measured. The amount of CO2 registered in the product gas in both cycles is 473 
similar and the duration of the breakthrough period is around 20 min, which 474 
demonstrates that the reactivity of the solids remain stable during the cyclic operation. 475 
 476 
Conclusions 477 
The feasibility of the CuO reduction/CaCO3 calcination operation has been evaluated in 478 
a packed-bed reactor at TRL4 operating close to adiabatic conditions. The impact of the 479 
starting temperature of the bed and the inlet gas flow rate on the operation has been 480 
evaluated. When the operation is carried out with initial temperatures in the reactor 481 
higher than 800 ºC, the reduction of CuO is favoured, resulting in the complete 482 
oxidation of the inlet CH4 and the calcination of a large fraction of the calcium 483 
carbonate. In these conditions, virtually pure CO2 is obtained during part of the pre-484 
breakthrough period. In the particular experimental set up used in this work, low flow 485 
rates (i.e., lower than 3 Nl/min of CH4) allow a sufficient residence time of the methane 486 
inside the reactor to be almost completely converted to carbon dioxide and steam. 487 
Temperature profiles higher than 900 ºC are then recorded and large amounts of CO2 488 
resulting from the oxidation of methane and the decomposition of the calcium carbonate 489 
are observed. The relatively long breakthrough periods demonstrate that the reactivity of 490 
the methane with the copper oxide is significantly lower than that measured of 491 
hydrogen. The reduced copper-based material partially catalyses the steam methane 492 
reforming, water-gas-shift, carbon deposition and carbon gasification reactions. When 493 
the bed is approaching total reduction, significant concentrations of carbon monoxide 494 
and hydrogen are measured. The dynamic reactor model used in this study describes 495 
reasonably well the experimental curves recorded. SEM, XRD, N2 adsorption and TPR 496 
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analyses have demonstrated the good stability of the Ca-Cu solids after being subjected 497 
to 25 redox/carbonation/calcination cycles. 498 
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Fig. 1. Schematics of the calcium-copper chemical looping process in packed-bed 682 




































Fig. 3. Axial temperature profiles in the bed during the heating tests without any 715 
chemical reaction (starting solids temperature=25 ºC, inlet temperature=470 ºC, U=2.5 716 
W/m
2

























Fig. 4. SEM micrographs of the Ca-Cu based solids used in the fixed-bed reactor: a) 740 
initial CaO-based material, b) cycled CaO-based material, c) initial CuO-based solid, d) 741 
























Fig. 6. Results obtained from the N2 adsorption/desorption isotherms for fresh and 762 


















Fig. 7. Consumption of hydrogen during temperature-programmed reduction tests 779 

















Fig. 8. Outlet gas composition, axial temperature profiles and theoretical solids 795 
conversion profiles obtained during the test with methane (3 Nl/min in the feed, 760 ºC 796 






















Fig. 9. Impact of the initial temperature of the solids on the reduction/calcination tests 817 














Fig. 10. Effect of the inlet gas flow rate on the reduction/calcination tests carried out 830 















Fig. 11. Composition of the product gas, temperature and theoretical solids conversion 844 
profiles obtained during the reduction/calcination test with a mixture of methane and H2 845 










Fig. 12. Comparison of reactor performance in cycles 1 and 20 (3 Nl/min of CH4 in the 854 





















Table 1. Equations to calculate the mass, energy and momentum balances and axial 874 
dispersion. 875 
Component mass balances 
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Axial mass and heat dispersion coefficients (Edwards and Richarson, 1968; Vortmeyer and Berninger, 1982; 
Krupiczka, 1967; Gunn , 1978; Gunn and Misbah, 1993) 
     [
    
    
 
   
  
     
    
]        
           
      
    
 
  
   
   
 
        









     
  
   
  ;             
*
   
  
+
 ;            
     













Table 2. Kinetic equations assumed in the model. 886 
CuO reduction  (García-Labiano et al., 2004)  
 
 
         
              
      
     
  
   
      
  
   
  
 
Calcination of CaCO3  (Martínez et al., 2012) 
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Kinetic parameters (García-Labiano et al., 2004; Martínez et al., 2012) 
                                CH4               CO                  H2                   Calcination 
ρm, mol m
-3             
   80402            80402             80402                       - 
LCu, m                   4.0 x 10
-10         
4.0 x 10
-10 
       4.0 x 10
-10
                - 
k0i, m s
-1
                4.5 x 10
-4  
      5.9 x 10
-6
         1.0 x 10
-4 
             252.02 
Eai, kJ mol
-1
                 60                14                      33                     91.7 
b                                   4                  1                        4                        - 
n                                   1                  1                        1                        - 
η                                 0.1                0.2                     0.2                      1 
Steam methane reforming and water gas shift  (Xu and Froment, 1989) 
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Methane decomposition (Borguei et al. 2010) 
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C gasification with H2O and CO2  (Snoeck et al., 2002) 
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Table 3. EDX Analyses of a sample of a used Ca-based solid (for which an SEM image 905 
is presented in Fig. 3b). 906 
Element Site A Site B Site C Site D 
O 60.8 13.7 35.2 60.4 
Si 1.9 15.5 5.6 1.6 
Ca 36.4 3.6 55.4 36.6 
Cu 0.9 67.2 3.8 1.4 
 907 
 908 
 909 
